ABSTRACT
Introduction
Prebiotics represent a group of short-chain non-digestable carbohydrates that influence the metabolism of the intestinal microflora in a manner beneficial for the host (22, 30) . this group includes certain nutritionally interesting oligosaccharides, which can be found in various common foods like artichoke, chicory, onion etc., and have been reported to induce immunomodulatory effects, affecting mainly the gastrointestinal microflora (18) as well as the blood lipids (16) . The influence of prebiotics is generally related to alterations in the balance of the gut microbiota by providing a more convenient environment for development of probiotics including Lactobacillus as well as Bifidobacteria. the main research interest has been focused mainly on the impact of prebiotic intake on the colon microflora as well as on the serum carbohydrate and lipid levels (25, 30) . the prebiotic substances that have been studied most intensively include oligosaccharides, such as fructooligosaccharides (FoS) and polysaccharides such as inulin (5, 9, 40) . the hypotriglyceridemic effect of FoS has been reported in animals, as well as in humans (26, 38) . The liver plays a key role in maintenance of the homeostasis of triacylglycerols because it is responsible for lipid biosynthesis and lipid secretion into the circulation (8, 28) . To our knowledge, the impact of prebiotic intake on the content and fatty acid composition of the lipids comprising the hepatocyte plasma membrane has received quite poor attention. We hypothesized that the well established changes in the serum lipids induced by prebiotic intake might be related to alterations in the content and acyl chain composition of liver plasma membrane phospholipids. in the present studies we monitored the influence of fructooligosaccharide intake on the phospholipid and fatty acid composition of liver plasma membranes isolated from rats fed FoS-enriched diet. Also, we investigated the activities of certain membrane-bound enzymes that are related to the metabolism of the lipids which were affected most significantly by prebiotic intake. Since the content of cholesterol was altered due to prebiotic intake, we compared the susceptibility of cholesterol molecules to oxidation in the liver plasma membranes isolated from control and FoS-fed animals. on the basis of the observed changes in the balance between saturated and unsaturated fatty acids, we also analyzed the structural organization of the plasma membrane bilayer in control and FoS-fed rats. our results demonstrated that the uptake of prebiotics such as fructooligosaccharides could influence the content and the composition of certain lipids as well as their structural organization in liver plasma 
FRUCTOOLIGOSACCHARIDE INTAKE ALTERS THE PHOSPHOLIPID AND FATTY ACID COMPOSITION OF LIVER PLASMA MEMBRANES

Materials and methods
Animals
Male Wistar rats, body weight 200 ±15 g (purchased from the Department of laboratory Animals, Bulgarian Academy of Sciences) were randomly divided into two groups of ten animals each. the experimental rats were fed diet enriched with 10 g fructooligosaccharide/kg body weight per day dissolved in water. The animals were sacrificed by exposure to co 2 inhalation, the livers were removed and used immediately for isolation of plasma membranes as explained below. the use of experimental animals has been approved by the ethical commission at the institute of Biophysics.
Isolation of liver plasma membranes liver plasma membranes were isolated according to the procedure involving differential centrifugation (39) . Briefly, the post-nuclear supernatant was loaded on a discontinuous sucrose gradient and centrifuged at 100 000 × g for 2.5 h. the plasma membrane fraction was obtained at a density of 8% (w/v), suspended in ice-cold 10 mM tris buffer, ph 7.4 and used immediately for lipid analysis.
Lipid extraction and analysis lipid extraction was performed with chloroform/methanol (1). the organic phase obtained after extraction was concentrated and analyzed by thin layer chromatography. the phospholipid fractions were separated on silica gel G 60 plates in a solvent system containing chloroform/methanol/2-propanol/ triethylamine/0.25% KCl (30:9:25:18:6 v/v) (36) . The location of the separate fractions was determined either by spraying the plates with 2',7'-dichlorofluorescein or by iodine staining. The spots were scraped and quantified by determination of the inorganic phosphorus (13) . cholesterol content was assayed by gas chromatography using a medium polarity RtX-65 capillary column (0.32 mm internal diameter, length 30 m, thickness 0.25 µm). calibration was achieved by a weighted standard of cholestane.
Fatty acid analysis
The phospholipid extracts were saponified with 0.5 N methanolic KOH and methylated with boron trifluoridemethanol complex (Merck) (20) . the fatty acid methyl esters were extracted with hexane and separated by gas chromatography on a capillary column coated with Supelcowax 10-bound phase 9 (i.d. 0.32 mm, length 30 m, film thickness 0.25 µm; Supelco, Bellafonte, PA) fitted in a Perichrom (France) gas chromatograph. Quantification was referred to an internal standard of heptadecanoic methyl ester.
Sphingomyelinase activity assay
Sphingomyelinase activity was determined by the method of Nikolova-Karakashian et al. (23) with minor modifications. Briefly, aliquots of plasma membranes were lysed in 0.2% Triton X-100 in 100 mM tris ph 7.4 buffer supplemented with 25 µM genestein for 10 min on ice. the samples were homogenized with three passes through a 25-gauge needle and 10 µl aliquots were taken for protein assay. nBD-sphingomyelin was added to the lysates to a final concentration of 20µM and incubations were performed for 10 min at 4 °c. Aliquots of this mixture containing 0.1 mg protein and 3 μM substrate were added to 5 mM Mgcl 2, 10 mM Tris pH 7.4 to a final volume of 0.3 ml. All buffers contained 0.2% Triton X-100. After incubation for 1 h at 37 °c the reaction was stopped by addition of 1 ml chloroform-methanol 2:1 (v/v). the samples were evaporated and separated in a system containing diethyl ether:methanol (99:1v/v) and the spots corresponding to ceramide were scraped and eluted. After addition of hexane the fluorescence of the samples was measured at 455 nm (excitation) and 530 nm (emission).
Sphingomyelin synthase assay
Sphingomyelin synthase was determined by the procedure described by Tefesse at al. (34) with modifications. The incubation mixture contained 20 mM tris ph 7.4, 0.3 mg membrane protein, 50 µg nBD-ceramide and 5 µg Pc to a final volume of 500 µl. After incubation for 2 h at 37 °C the reaction was stopped with 1 ml chloroform-methanol 2:1 (v/v). the lipids were separated in a system containing diethyl ether:methanol (99:1 v/v) and the spot corresponding to sphingomyelin was scraped and eluted. hexane was added to the samples and fluorescence was measured at 455 nm (excitation) and 530 nm (emission).
Phospholipase A2 assay the activity of plasma membrane PlA2 (15) was assayed using 400 µM glycerophospholipid liposomal substrate suspended in 100 mM Tris/HCl (pH 8.6)/5 mM CaCl 2 , 100 µg plasma membrane protein and fatty acid-free BSA (0.1 mg/ml). The mixture (final volume, 250 µl) was incubated at 37 °c for 15 min with rotational shaking. the fatty acids released by the enzyme were extracted and methylated using diazomethane. the fatty acid methyl esters were separated and quantified by gas chromatography using a weighted internal standard of heptadecanoic methyl ester. the results from control incubations carried out in the absence of enzyme were subtracted from those of fatty acids released in the presence of plasma membranes.
Fluorescence assay 1,6-Diphenyl-1,3,5-hexatriene (DPH) was used as a fluorescent probe for determination of plasma membrane fluidity and the lipid structural order parameter (SDPh) was calculated (37) . The fluorescence experiments were performed at 355 nm (excitation beam) and 425 nm (emission beam).
Determination of lipid peroxidation lipid peroxidation was determined by the procedure described by carini et al. (4) . lipid peroxidation was assessed by measuring the loss of cis-parinaric acid (PNA) fluorescence. The plasma membranes were incubated with 10 μM PNA at 37 °c for 30 min. the buffer was removed and the plasma membranes were washed three times with warm PBS to remove the unincorporated dye. the cells were scraped in 2 ml PBS and fluorescence was measured at 502 nm (excitation beam) and 520 nm (emission beam). the level of lipid peroxidation was determined as fluorescence intensity per mg protein.
Treatment of plasma membranens with cholesterol oxidase
Plasma membranes were suspended in PBS and incubated with 10 iU/ml of cholesterol oxidase and incubated for 30 min at 37 °c. the reaction was terminated by the procedure of Dole exactly as described by Moore et al. (21) . two milliliters of Dole reagent were added to the reaction mixture (1 ml), followed by 1 ml of heptane. the mixtures were vortexed, centrifuged at 1000 rpm and the upper (heptane) phase containing cholestenone was collected. cholest-4-en-3-one, which is a product of cholesterol oxidation, was determined spectrophotometrically at 235 nm.
Protein determination the content of protein was determined according to Bradford (2) .
Statistical analysis
Statistical processing of the data was done by one-way analysis of variance (AnoVA) using inStat software.
Results and Discussion
The influence of prebiotic intake on the lipid composition of liver plasma membranes is presented in Table 1 . the level of SM was elevated by about 38% and lysophosphatydylcholine was decreased by about 30%, whereas the observed changes in the rest of the membrane lipids were less pronounced. in addition, the cholesterol/total phospholipids (ch/tPl) molar ratio was lower and the SM/phosphatidylcholine (Pc) ratio was higher in membranes from FoS-fed rats ( Table 1) . the fatty acid composition of the most abundant phospholipid of plasma membranes -PC, showed significant changes in almost all investigated acyl chains ( Table 2) . it should be noted that the ratio between the saturated (SAt) and unsaturated (UnSAt) fatty acids in the Pc molecules was reduced in plasma membranes of prebiotic-fed rats (0.876 vs. 0.774). As evident from Table 2 , the increase of the unsaturated linoleic acid was most significant. Since the acyl chains of the membrane phospholipids affect significantly membrane fluidity, studies were carried out on the structural organization of the plasma membrane lipids. 1,6-Diphenyl-1,3,5-hexatriene was used as a fluorescent probe for estimation of plasma membrane fluidity. The results showed that the structural order parameter (SDPh) was lower in the membranes of prebioticfed rats (Fig. 1) . Since the level of SM was affected most significantly in the experimental rats, we analyzed the possible reasons for its increase by measuring the activities of two enzymes involved in its metabolism -sphingomyelinase (SMase) and SM synthase (Fig. 2) . the results showed that the activity of SMase was lower in plasma membranes from prebioticfed rats, whereas the activity of SM synthase was almost unchanged. Also, since the fatty acid composition of the major membrane phospholipid -PC, was significantly altered, and lysophosphatidylcholine was reduced in probiotic-fed rats, we measured the activity of plasma membrane-bound PlA2, which is responsible for phospholipid decylation and accumulation of lysophospholipids (Fig. 2) . the results showed that this enzyme activity was lower in FoS-fed animals. Since prebiotics have been reported to alter certain serum lipids (11), we monitored the content of cholesterol in the liver plasma membranes in control and FoS-fed animals ( Table 1) . the obtained data showed that prebiotic intake was accompanied by a reduction of the cholesterol/total phospholipids molar ratio in liver plasma membranes. in addition, the percentage of cholesterol susceptible to oxidation was also lower in the membranes of the rats fed prebiotic-enriched diet compared to control rats (Fig. 3A) . Additional studies were carried out to monitor the content of lipid peroxides in liver plasma membranes (Fig. 3B) . the level of lipid peroxides was lower in membranes from FoS-fed rats but the differences between the measured values were not statistically significant.
Most studies on prebiotics are devoted mainly to their influence on the gastrointestinal tract (31) as well as on the blood lipids (12, 14) . A decrease in the triacylglycerol and phospholipid serum concentrations has been reported as a result of inulin-enriched diet (6) . in addition, there is evidence that the de novo lipogenesis in the liver is reduced due to prebiotic intake (29) . however, less attention has been paid to the impact of prebiotics on the lipids in hepatocyte plasma membranes, which are in direct contact with the serum lipids. the purpose of the present study was to investigate the influence of FOS intake on the liver plasma membrane lipids, and more specifically on their composition, acyl chains and structural organization. the obtained data showed that the total phospholipids were reduced in liver plasma membranes from FoS-fed rats. it is possible that this observation is related to reduced liver lipogenesis, which was reported by Delzenne and Kok (7) . Among the key enzymes that control lipogenesis, fatty acid synthase (FAS) was found to be most markedly affected (10) . According to our results, the only plasma membrane phospholipid that was significantly elevated was SM, whereas the other phospholipids were either reduced or unchanged. it is possible that if the observed lipid reduction is related to lower FAS activity, as suggested by the authors mentioned above, this reduction would affect to a greater extent the glycerophospholipids which contain two fatty acids in their molecules, such as Pc. Accordingly, since the relative content of the major glycerophospholipids is reduced, and sphingolipids, which contain only one acyl chain, are less affected by this process, this would naturally lead to elevation of the mol% of SM in the total plasma membrane lipids.
The finding that SM, which is one of the most functionally active phospholipids, was elevated in the liver plasma membranes of FoS-fed rats is important because SM, together with cholesterol, is a basic lipid component of the membrane raft domains, the latter functioning as cellular "signaling platforms" (3) . in order to analyze the mechanism underlying SM augmentation, we measured the activities of two enzymes participating in SM metabolism -SMase (degrading SM to ceramide and phosphorylcholine) and SM synthase. the obtained results showed that SMase was less active in the plasma membranes of prebiotic-fed rats, whereas SM synthase was almost unchanged (Fig. 2) . thus, the reduction of SMase activity might be one possible reason for SM increase due to FoS intake. Accordingly, the content of ceramide, which is a product of SMase-induced hydrolysis of SM was lower in the membranes of FoS-fed rats (9.3 mmol/ molPL vs. 8.1 mmol/molPL). The increased SM content and the lower level of ceramide observed in FoS-fed rats may be of special physiological importance. insulin resistance has been associated with the SM signaling pathway (32, 35) . ceramide molecules might impair the insulin activity through maintaining protein kinase B in inactive state and/or could decrease insulin-stimulated glucose uptake (33) . So the reduced ceramide level induced by FoS-enriched diet could lead to a recovery of the insulin receptor functions. in addition, the SM signaling pathway is also related to the activity of certain inflammatory cytokines such as TNF-α as well as interleukins (24, 27) . Since prebiotic intake is associated with decrease of inflammation processes, one could speculate that the altered level of ceramide might be a factor regulating these processes.
Alterations were also observed in the fatty acid composition of the major plasma membrane phospholipid -Pc ( Table 2) . it should be noted that the relative content of all measured saturated fatty acids was reduced, whereas the unsaturated ones were elevated in the Pc molecules of liver plasma membranes from FoS-fed rats. Since the composition of the phospholipid acyl chains significantly influences membrane fluidity, the structural organization of the membrane bilayer was monitored in plasma membranes from control and prebiotic-fed rats. the results showed that the prebiotic-enriched diet induced fluidization of the plasma membrane bilayer, which is probably a result of the reduction of the SAt/UnSAt fatty acid ratio ( Table 2) . the observed alterations in the SAt/UnSAt ratio might be due either to lower incorporation of saturated fatty acids, or to higher incorporation of unsaturated fatty acids in the Pc molecules. Another explanation could also be the decreased hydrolysis of unsaturated Pc species. Accordingly, the results indicated that plasma membrane PlA2 activity was lower in prebiotic-fed rats (Fig. 2) . the level of cholesterol was also decreased in the liver plasma membranes of FOS-fed rats. This finding is in consistence with the reported hypocholesterolic effect of prebiotics (7) . the decreased level of cholesterol might be another reason for the fluidization of the plasma membrane bilayer (Fig. 1) .
These observations could have significant physiological consequences, because the physico-chemical state of the membrane bilayer is an important factor influencing a vast number of membrane-related processes (19) . So far, we have not come across other reports on the effect of prebiotic intake on the structural organization of liver plasma membranes.
our previous studies demonstrated the protective role of SM against oxidative damage of membrane phospholipids and cholesterol (17) . Since the content of SM was higher in membranes of prebiotic-fed rats, we measured the level of membrane cholesterol, which could be readily oxidized by exposure to cholesterol oxidase. Such studies could show whether the altered lipid composition of membranes from FoS-fed animals would affect the susceptibility of the cholesterol molecules to oxidative damage. As evident from Fig. 3A the percentage of susceptible to oxidation cholesterol was lower in the membranes from prebiotic-fed rats compared to the control group. We presume that one possible reason for this observation could be the higher content of SM in these membranes. of course, other factors, different from the level of SM should not be ruled out. nevertheless, although the exact mechanism underlying this finding is not yet clear, the fact that the percentage of oxidized cholesterol was lower in prebiotic-fed rats is of special interest and needs a profound clarification. However, the degree of lipid peroxidation which was measured in the prebiotic-fed animals was not significantly lower compared to controls. one possible reason for this fact could be the higher level of unsaturated fatty acids in these membranes, which are targets of oxidative damage.
Conclusions
our results demonstrate that the uptake of prebiotics such as fructooligosaccharides could influence the content and the composition of certain lipids as well as their structural organization in liver plasma membranes of experimental animals. these results could be useful for a more thorough analysis of the total beneficial effects of prebiotics, which have so far been associated mainly with the gastrointestinal microflora and serum lipids. The thorough investigation of the complex effects of prebiotics will contribute to the better understanding of the mechanisms of their influence on the host organism and could help for their most appropriate use as a component of complex therapeutic approaches.
